Toxigenic Clostridium sordellii causes uncommon but highly lethal infections in humans and animals. Recently, an increased incidence of C. sordellii infections has been reported in women undergoing obstetric interventions. Pathogenic strains of C. sordellii produce numerous virulence factors, including sordellilysin, phospholipase, neuraminidase, and two large clostridial glucosylating toxins, TcsL and TcsH. Recent studies have demonstrated that TcsL toxin is an essential virulence factor for the pathogenicity of C. sordellii. In this study, we identified and characterized TcsR as the toxin gene (tcsL) regulator in C. sordellii. Highthroughput sequencing of two C. sordellii strains revealed that tcsR lies within a genomic region that encodes TcsL, TcsH, and TcsE, a putative holin. By using ClosTron technology, we inactivated the tcsR gene in strain ATCC 9714. Toxin production and tcsL transcription were decreased in the tcsR mutant strain. However, the complemented tcsR mutant produced large amounts of toxins, similar to the parental strain. Expression of the Clostridium difficile toxin gene regulator tcdR also restored toxin production to the C. sordellii tcsR mutant, showing that these sigma factors are functionally interchangeable.
C
lostridium sordellii, an anaerobic, Gram-positive, spore-forming bacterium, is a common inhabitant of soil and the animal gastrointestinal tract. Virulent strains of C. sordellii are recognized as the causative agents of a broad spectrum of human diseases, including myonecrosis, uterine infections, and sepsis. C. sordellii is also known to cause lethal infections in several animal species, including sheep, foals, and lambs (1) (2) (3) (4) . Recently, fatal cases of C. sordellii endometritis following medical abortions caused by mifepristone-misoprostol combinations have been reported (5) . It has been suggested that mifepristone-misoprostol may facilitate colonization of C. sordellii in uterine tissue, trigger toxin expression, and induce hypotension and systemic shock by deregulating the host's immune response (6) .
Pathogenic C. sordellii strains produce up to seven identified exotoxins (7) . Of these, the two major toxins, lethal toxin (TcsL) and the hemorrhagic toxin (TcsH), are regarded as major virulence factors (8, 9) . The lethal toxin produced by C. sordellii was shown to evoke enteritis in animals and proved essential for the virulence of C. sordellii (9, 10) . TcsH and TcsL are members of the large clostridial cytotoxin (LCC) family, with predicted molecular masses of 300 kDa and 250 kDa, respectively (8, 9) . The C. sordellii toxins were reported to be similar to Clostridium diffcile toxins A and B, both in terms of biological activity and antigenicity (11) . To date, only the TcsL-encoding gene has been sequenced; it was found to be 76% identical to the C. difficile toxin B gene (tcdB).
In this study, we sequenced two C. sordellii strains, ATCC 9714 and VPI 9048, by high-throughput techniques, and we identified many open reading frames (ORFs) surrounding the tcsL gene. Consistent with previous reports, the VPI 9048 strain carries both the TcsL-and TcsH-encoding genes, whereas strain ATCC 9714 encodes only the lethal toxin TcsL. In the region of the toxin genes, we identified a small ORF with similarities to RNA polymerase sigma factors, including TcdR, the sigma factor that transcribes C. difficile toxin genes. We named the apparent sigma factor ORF tcsR and report here its role in toxin gene regulation. A C. sordellii tcsR mutant was found to be defective in toxin production, due to reduced transcription of tcsL. Further, we complemented the mutant with a functional tcsR gene and found that toxin production was restored. The C. sordellii tcsR mutant could also be complemented by the C. difficile toxin gene regulator, tcdR, showing that these sigma factors are closely related to each other. This is the first known report on the toxin locus region in the C. sordellii genome and its regulator.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C. sordellii strains VPI 9048 (TechLab, VA) (12) , ATCC 9714 (13) ( Table 1) , and the tcsR mutant strain were grown anaerobically (10% H 2 , 10% CO 2 , and 80% N 2 ) in tryptose-yeast extract (TY) broth or TY agar. E. coli strain SL-17, used for conjugation, was cultured aerobically in LB medium. When necessary, E. coli cultures were supplemented with chloramphenicol or ampicillin at 30 g ml Ϫ1 and 100 g ml Ϫ1 , respectively. All routine plasmid constructions were carried out using standard procedures.
High-throughput genome sequencing, assembly, and annotation. The genomes of C. sordellii ATCC 9714 and VPI 9048 were sequenced using the FLX genome sequencer (Roche 454 Life Science, Branford, CT) and the Illumina (San Diego, CA) genome analyzer following the manufacturers' instructions. For Roche 454 sequencing, the shotgun library was prepared with 5 g of genomic DNA using the standard DNA library preparation kit (04852265001; Roche). Nebulized, purified, and adaptorligated single-stranded DNA fragments were clonally amplified using the emulsion PCR kit I (04852290001; Roche). Sequencing on the GS FLX was performed using the standard LR70 sequencing kit (04932315001; Roche). The images were processed using the genome sequencer FLX data processing pipeline 1.1.02.15, and sequences generated were assembled using the Newbler assembler (Roche). For Illumina sequencing, the DNA template library was prepared using the Illumina genomic DNA sample prep kit. Briefly, 5 g of genomic DNA was broken into fragments of approximately 100 bp by nebulization. After performing end repairing and adaptor ligation, the samples were gel purified to recover fragments of 150 to 250 bp that were then PCR amplified for 15 cycles. The DNA template library was then used for flow cell preparation using the standard cluster generation kit (Illumina). Sequencing on the Illumina genome analyzer was performed using genomic DNA sequencing primer V2 for 36 cycles. At the end of the run, images were processed using the Solexa data analysis pipeline 0.2.2.6. Reads from Roche 454 and Illumina systems were mapped to contigs using the SOAP package and default parameters. Assembled contigs were submitted to for annotation service to The Institute for Genomic Sciences at the University of Maryland, where it was run through the prokaryotic annotation pipeline. Along with gene finding, results of Glimmer, Blast-extend-repraze (BER) searches, HMM searches, TMHMM searches, and SignalP predictions, and automatic annotations from Auto-Annotate were included in the annotation pipeline.
Construction of the tcsR mutant. A tcsR mutant was generated in C. sordellii ATCC 9714 by the insertion of a bacterial group II intron using the ClosTron gene knockout system as described by Heap et al. (14) . The insertion site in the antisense orientation between nucleotides 234 and 235 of the tcsR ORF was selected to design the retargeting intron. The intron was designed using the Perutka algorithm, a Web-based design tool available at the Clostron site. It was then synthesized and cloned in plasmid pMTL007-E5C. The resulting plasmid, pTUM007: Cdi-tcsR-234a, was transferred to C. sordellii strain ATCC 9714 by conjugation as described previously (14) . Thiamphenicol-resistant transconjugants were resuspended in 200 l of TY broth and plated on TY agar plates containing erythromycin (5 g ml Ϫ1 ) to select potential Ll.ltrB insertions. The putative tcsR mutants were then screened by PCR using tcsR-specific primers (ORG94 and ORG95) in combination with the EBS-U universal primer (see Table S1 in the supplemental material).
Southern blot analysis. Southern blot analysis was performed as described previously to verify a specific single integration of the group II intron into the genome (15) . Ten micrograms of genomic DNA was digested with EcoRV enzyme and separated on a 0.8% agarose gel by electrophoresis. DNA was transferred onto an Immobilon-NY ϩ nylon membrane (Millipore, Bedford, MA) by the capillary transfer method. Prehybridization of the filter was conducted for 2 h at 60°C in 5ϫ SCC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5ϫ Denhardt solution, and 100 mg/ml of salmon sperm DNA. Probes specific for the group II intron ermB gene and tcsR genes were radiolabeled ([ 32 P]dATP) using a High Prime kit (Roche) and hybridized overnight in 10 ml fresh prehybridization buffer at 60°C. The hybridized membrane was washed twice for 30 min in 2ϫ SCC, 0.5% SDS, for 30 min and in 1ϫ SSC, 0.5% SDS, and then analyzed using a phosphorimage screen and a Typhoon 9410 scanner (GE Healthcare).
Growth measurement with BioScreenC plate reader. The growth patterns of parent and tcsR mutant strains were studied in TY medium by using a Bioscreen C plate reader that was kept inside the anaerobic chamber. Ten-fold-diluted overnight-grown bacterial cultures (15 l) were used to inoculate 150 l TY medium into each well. Ten wells were inoculated with the parent strain and another 10 with the mutant strain to monitor their growth over 24 h. The plate temperature was maintained at 37°C throughout the growth period, and the optical density at 600 nm (OD 600 ) was measured every 30 min after 10 s of shaking of the plate.
Toxin assay. For the toxin assay, C. sordellii ATCC 9714 and its tcsR mutant cultures were grown in TY for 10 h, and the bacterial cells were collected after centrifugation. Cell pellets were resuspended in 10 mM Tris buffer (pH 8.0) containing a protease inhibitor cocktail (Roche, Mannheim, Germany). The cytosolic contents were obtained by sonicating the cells, followed by a brief centrifugation to remove the unbroken cells and cell debris. The total protein concentration was determined using the Bio-Rad protein assay reagent. Equal amounts of cytosolic proteins (50 g) were assayed for their relative toxin contents by using the C. difficile Premier Toxin A&B enzyme-linked immunosorbent assay (ELISA) kit from Meridian Diagnostics Inc. (Cincinnati, OH). This ELISA kit is known to recognize C. sordellii toxins as well (16) .
RNA extraction and QRT-PCR. Total RNA was extracted from C. sordellii cultures grown for 10 h in TY medium, following a protocol described previously (10, 14) . After treating the total RNA with DNase (Turbo; Ambion), reverse transcription (RT) was performed using avian myeloblastosis virus reverse transcriptase (Promega) and random hexamer oligonucleotide primers with1 g of template RNA. The cDNA samples were then stored at Ϫ20°C until needed. Primers specific for tcsL, tcsE, and tcsR (see Table S1 in the supplemental material) were designed using Primer 3 software (Geneious Software). Quantitative RT-PCR (QRT-PCR) was performed using the iQPCR real-time PCR instrument (Bio-Rad). Reactions were carried out using SYBR green master mix (BioRad) with 20 ng of cDNA as the template. Samples were normalized using C. sordellii 16S rRNA. Construction of reporter plasmids and ␤-glucuronidase assay. Approximately 600 bp of the upstream DNA regions of tcsL, tcsH, tcsR, or tcsE genes, along with their potential ribosomal-binding sites (RBS), were PCR amplified using specific primers with KpnI and SacI recognition sequences (see Table S1 ) using ATCC 9714 chromosomal DNA as a template. Plasmid pRPF185 carries a gusA gene for ␤-glucuronidase under the tetracycline-inducible (tet) promoter (17) . Using KpnI and SacI digestion, we removed the tet promoter and replaced it with either tcsL, tcsR, tcsH, or tcsE upstream regions to create plasmids pRGL100, pRGL161, pRGL162 and pRGL163, respectively (Table 1) . To create plasmid pRGL153A with promoterless gusA, we removed the tet promoter from plasmid pRPF185 with KpnI, SacI digestions and then the construct was self-ligated after creating blunt ends. Plasmids pRGL100, pRGL161, pRGL162, pRGL163, and pRGL153A (control) were introduced into ATCC 9714 and its tcsR mutant through conjugation as described above. The transconjugants were then grown in TY medium in the presence of thioamphenicol (15 g/ml) overnight. Overnight cultures were used as inocula at a 1:100 dilution to start a new culture. Bacterial cultures were harvested at 10 h of growth, and the amount of ␤-glucuronidase activity was assessed as described elsewhere (18) with minor modifications. Briefly, the cells were washed, suspended in 0.8 ml of Z buffer (60 mM Na 2 HPO 4 · 7H 2 O [pH 7.0], 40 mM NaH 2 PO 4 · H 2 O, 10 mM KCl, 1 mM MgSO 4 · 7H 2 O, 50 mM 2-mercaptoethanol), and sonicated. The enzyme reaction was started by the addition of 0.16 ml of 6 mM p-nitrophenyl ␤-D-glucuronide (Sigma) to the broken cells and stopped by the addition of 0.4 ml of 1.0 M NaCO 3 . ␤-Glucuronidase activity was calculated as described earlier (18, 19) .
Complementation of the C. sordellii tcsR mutant. The tcsR ORF along with its RBS were PCR amplified from ATCC 9714 chromosomal DNA by using primers ORG203 and ORG204 (see Table S1 in the supplemental material). Similarly, the tcdR ORF with its RBS were amplified from JIR8094 chromosomal DNA by using primers ORG208 and ORG209. The resulting PCR products digested with SacI and BamHI were eventually cloned into vector pRFP185 (17) under a tetracycline-inducible promoter to create plasmids pRGL145-1(with tcsR) and pRGL144-1 (with tcdR), which were then introduced into the tcsR mutant strain. Transconjugants carrying either pRGL145-1, pRGL144-1, or the vector pRGL154 alone (pRPF185 without gusA) were grown overnight in TY medium supplemented with thiamphenicol. Fresh 10-ml cultures were initiated using 0.1 ml of overnight culture and were grown for 4 h in TY medium up to an OD 600 of 0.5 with thiamphenicol before the induction with ATc (anhydrotetracycline) at a concentration of 50 ng/ml. Cultures were harvested 4 h after induction, and cytosolic proteins were extracted for the detection of toxins via ELISA.
Nucleotide sequence accession numbers. The nucleotide sequences and the corresponding automated annotations for the first versions of the genomes of C. sordellii strains ATCC 9714 and VPI 9048 were submitted to GenBank and assigned accession numbers APWR00000000 and AQGJ00000000, respectively.
RESULTS
Sequencing and de novo assembly of C. sordellii genomes. Genome sequences for two C. sordellii strains were generated via the 454 and Illumina sequencing technologies. Strain ATCC 9714 is known to produce only TcsL, whereas strain VPI 9048 produces both TcsL and TcsH toxins. The Roche 454 GS FLX system was used to generate sequences of strain ATCC 9714, which were assembled using the Newbler assembler (Roche). A total of 637,164 reads with an average length of 387 bases was obtained and was assembled into 164 contigs with an average contig size of 21,629 bp. Strain ATCC 9714 was resequenced using Illumina technology along with strain VPI 9048. Totals of 3.563 and 3.616 million reads of 35 bases in length were obtained for ATCC 9714 and VPI 9048, respectively. Sequences from both 454 and Illumina were assembled using the SOAP package. This resulted in 104 and 166 contigs for strains ATCC 9714 and VPI 9048, respectively. Gaps in genome coverage were not filled in with manual sequencing due to resource constraints. The overall characteristics of the draft C. sordellii genomes are summarized in Table 2 .
Features of C. sordellii toxin gene locus and its similarity to the C. difficile PaLoc. Bacterial virulence-associated genes are often found in mobile genetic elements. In clostridia, the tetanus toxin gene of Clostridium tetani is carried on a plasmid, while the genes for botulinum toxins in Clostridium botulinum strains are within bacteriophage genomes (20, 21) . The gene for Clostridium novyi alpha-toxin, which shows high homology to TcsL of C. sordellii and TcdA of C. difficile, is also carried by a phage (22) . However, the pathogenicity locus (PaLoc) in C. difficile is distinct and is not associated with an actively mobile genetic element (23) . The C. difficile PaLoc includes five genes, tcdR, tcdB, tcdE, tcdA, and tcdC and is found in the same locus in all C. difficile toxigenic strains (Fig. 1C) . Regions adjacent to the C. difficile PaLoc are not similar to any known transposon, plasmid, or phage-like element (23) . However, the base composition of the PaLoc differs from that of the genome as a whole, suggesting that it was acquired by horizontal transfer (23) .
In C. sordellii, the lethal toxin-encoding tcsL gene is 76% similar to tcdB, and the hemorrhagic toxin-encoding gene tcsH is 78% similar to tcdA. We identified the tcsL gene within the 57,746-bp contig 88 in strain ATCC 9714 and within the 77,359-bp contig 152 of the VPI 9048 strain. Most of the genes surrounding the toxin-encoding genes are conserved in strains VPI 9048 and ATCC 9714 (Fig. 1A and B) . Immediately downstream of the tcsL gene is tcsE, a gene that encodes a holin-like protein that is homologous to the tcdE gene of C. difficile. TcdE is essential for the efficient secretion of toxins by C. difficile (24) . In strain VPI 9048, tcsH, the hemorrhagic toxin-encoding gene, lies downstream of tcsE, but in strain ATCC 9714 only a truncated tcsH gene is present. Immediately upstream of tcsH is tcsR, a gene that is homologous to several sigma factor-encoding genes, including tcdR of C. difficile. Organization of the toxin genes in C. sordellii differs from that of the C. difficile pathogenicity locus. In C. difficile, the toxin genes tcdA and tcdB are transcribed in the same direction, but in C.
sordellii, tcsL and tcsH are transcribed in opposite directions. In C. difficile, tcdR is upstream of the tcdB gene and is transcribed in the same direction as the toxin genes. In C. sordellii the tcsR gene is upstream of the tcsH gene and is transcribed in the same direction as the tcsH gene. In C. difficile, tcdC, a gene downstream of tcdA, codes for an anti-sigma factor that affects toxin gene transcription by regulating TcdR activity. We were unable to identify any tcdC homologue near the toxin locus of C. sordellii or at any other location in the incompletely sequenced genomes. This suggests that the toxin genes in C. sordellii may be regulated differently from C. difficile. Unlike the case for the C. difficile PaLoc, the genes adjacent to the toxin genes in C. sordellii show several hallmarks of a mobile genetic element. Specifically, the toxin locus of C. sordellii shows signatures of integrative and conjugative elements (ICEs) ( Fig. 1A and B; see also Tables S2 and S3 in the supplemental material). ICEs are self-transmissible, mobile, genetic elements that encode the machinery for conjugation as well as for the regulatory systems to control their excision from the chromosome and their conjugative transfer. Unlike conjugative plasmids, ICEs do not replicate autonomously; instead, they integrate into the host chromosome. Predicted coding sequences in the toxin locus show homology to conjugal transfer proteins, plasmid replication proteins, transposases, recombinases, and resolvases (see Tables S2 and S3 ). The proteins encoded by genes VPI 9048 H476_0274 and ATCC 9714 H477_0270, which lie upstream of tcsR, show homology to various plasmid replication proteins (see Tables S2 and S3 ). The genes (VPI 9048 H476_0297, VPI 9048 H476_0302, ATCC 9714 H477_0297, and ATCC 9714 H477_0298) appear to encode a type IV secretory system conjugative DNA transfer family protein that is also part of the toxin locus. In addition, a type IV secretion system-coupling DNA-binding domain protein was identified near the toxin-encoding genes. Moreover, a TraB homologue (VPI 9048 H476_0319) that plays a role in DNA transfer in other bacteria is also present in the toxin loci, indicating the possibility of conjugal transfer of the genetic element. The presence of transposase-encoding genes (VPI 9048 H476_0321 and VPI 9048 H476_0286) along with conjugative elements suggests that the toxin loci in C. sordellii may be part of an integrative conjugative element. All ICEs encode an integrase, which enables their integration into the host chromosome by site-specific recombination. In the C. sordellii toxin loci, we couldn't identify any genes likely to encode an integrase, but we did find a recA-type gene that might encode a protein involved in homologous recombination (see Tables  S2 and S3 in the supplemental material). This is an unusual signature for an ICE and requires further functional characterization.
Besides the main pathogenicity factors TcsH and TcsL, the toxin locus in C. sordellii codes for several proteins that may be involved in virulence-associated processes during infection. The genes H476_0289 in VPI 9048 and H477_0286 in ATCC 9714 code for a possible collagen-binding protein with predicted CNA peptide repeats in the C-terminal region. In Staphylococcus aureus, the CNA repeat protein mediates bacterial adherence to collagenous tissues, such as cartilage, a process that is important in the pathogenesis of septic arthritis caused by staphylococci (25) . The strain VPI 9048 toxin locus also includes a gene that codes for a probable GNAT family acetyltransferase (H476_0290). Such proteins include aminoglycoside acetyl transferases that confer resistance to the antibiotics kanamycin and gentamicin (26, 27) . The gene VPI 9048 H476_0305 appears to encode a cell wall protein with an endopeptidase domain and may be involved in the invasion of host cells.
Mutation in tcsR affects cytotoxin production in C. sordellii. We initiated functional characterization of the toxin loci genes by characterizing the tcsR gene, which is present downstream of tcsL. TcsR appears to be a 174-residue protein that shows 34% of homology to C. difficile TcdR, an alternative sigma factor that drives transcription of the toxin genes tcdA and tcdB (19, 28) . To determine whether TcsR is necessary for high-level expression of C. sordellii tcsL, a tcsR mutant was created in the ATCC 9714 strain by using the ClosTron technique (14) . Intron insertion sites in the tcsR gene were identified using the Perutka algorithm available from the ClosTron site (http://clostron.com/). The group II intron in plasmid pMTL007C-E5 was retargeted to integrate within the tcsR coding sequence at position bp 342 on the DNA sense strand (Fig. 2A) . The tcsR-retargeted plasmid pTUM007::CditcsR-342 was introduced into C. sordellii ATCC 9714 by conjugation with E. coli, and thioamphenicol-resistant transconjugants were selected. We could not introduce plasmids into VPI 9048, even with repeated attempts. Hence, our tcsR characterization study was limited to the ATCC 9714 strain. To confirm the successful inactivation of the tcsR gene, PCR was performed using gene-specific primers (ORG94 and ORG95) and an intron-specific primer (EBS universal primer). When tcsR-specific primers were used, amplified bands of 2.5 kb and 0.5 kb were obtained from the tcsR mutant and parent strains, respectively (Fig. 2B) . The presence of the 2.5-kb amplification product indicates the presence of a 2.0-kb intron within the tcsR gene. PCR was also performed using the intron-specific primer EBS universal and the tcsR-specific primer ORG94. A PCR product of 0.5-kb was observed only in the tcsR mutant (Fig. 2B) . Furthermore, Southern blot hybridizations were performed to confirm a single integration site of the group II intron within the tcsR gene in the mutant strain chromosome. Chromosomal DNA from strain ATCC 9714 and its tcsR mutant strain was digested with EcoRV and subjected to Southern blot hybridization using 32 P-labeled tcsR and ermB probes. As expected, the tcsR probe hybridized with both the mutant and the parent strains. In the parent strain, a band at 1.9-kb was observed, and in the mutant the probe hybridized with a band of 4 kb, consistent with the insertion of the intron into the tcsR gene. The intron-specific ermB probe hybridized only with the tcsR mutant strain in the same 4-kb band, further confirming the presence of the intron within the tcsR gene (Fig. 2C) . Growth curves of the parent and tcsR mutant strains in TY medium over a 24-hour period were essentially identical (Fig. 2D) . To see if TcsR plays a role in toxin production, toxin enzyme-linked immunosorbent assays (ELISAs) were performed with equal amounts of cytosolic proteins (50 g/well) from the 10-h-old parent and tcsR mutant strains. Absorbance recorded at 405 nm represented the toxin titer. The absorbance for mutant strain samples was approximately 4-fold lower than for the parent strain. This result suggests that TcsR is required for maximal toxin production in C. sordellii (Fig. 3A) .
TcsR affects tcsL transcription in C. sordellii. To verify that TcsR regulates toxin gene transcription in C. sordellii, a tcsL promoter-gusA fusion was constructed. A 600-bp region upstream of the tcsL gene was PCR amplified and cloned in the vector pRGL153A to create plasmid pRGL100, which was then introduced into the parent strain ATCC 9714 and its tcsR mutant strain by transconjugation. Similarly, constructs with tcsH, tcsR, and tcsE promoter-gusA fusion constructs were also made and introduced into the parent and tcsR mutant strains. Strains carrying promoter-gusA fusions (pRGL100, pRGL161, pRGL162, or pRGL163) or vector alone (pRGL153A) were grown in TY medium with thioamphenicol, and a ␤-glucuronidase assay was performed using samples collected after 10 h of growth (late exponential phase). A 6-fold-higher level of ␤-glucuronidase activity was recorded for the parent strain than for the tcsR mutant strain (Fig. 3B) . Similarly, a tcsH-gusA fusion was expressed at a 5-fold-higher level in the parent strain than in the tcsR mutant. Approximately 2-foldhigher expression levels of the tcsR-gusA and tcsE-gusA fusions were recorded in the parent strain than in the tcsR mutant. These results provided evidence that TcsR positively influences the transcription of tcsL, tcsH, tcsR, and tcsE genes in C. sordellii.
QRT-PCR was also performed with the RNA extracted from 10-h cultures of the parent and tcsR mutant strains. With QRT-PCR, the transcript levels for tcsL and tcsH were 10-fold and 8-fold lower, respectively, in the tcsR mutant than in the parent strain (Fig. 3C) . We also compared the transcript levels of tcsR and tcsE in the tcsR mutant versus the parent strain. C. difficile TcdR positively regulates its own production (18, 28) . Six-fold and 2-fold decreases in transcript levels of tcsE and tcsR, respectively, were recorded in the tcsR mutant versus the parent strain (Fig. 3C) . These results suggest that TcsR may activate its own transcription and of the tcsE gene in C. sordellii.
Complementation of the tcsR mutant. To further confirm that disruption of the tcsR gene causes underexpression of the toxin genes, the tcsR mutant was complemented with the wildtype tcsR gene from ATCC 9714. The tcsR gene was cloned under the control of a tetracycline-inducible promoter in the vector pRGL154, and the resulting construct, pRGL145-1, was then introduced into the tcsR mutant by conjugation. The tcsR mutant with pRGL154 alone served as a control in these experiments. Bacterial strains were grown in TY medium with thioamphenicol to an OD 600 of 0.5, and ATc was added to 50 ng/ml to induce expression of TcsR. Three hours postinduction, bacterial cultures were harvested and equal amounts of cytosolic proteins (50 g/ well) from each strain were used for toxin ELISAs. The complemented tcsR mutant strain had a toxin titer nearly 20-fold higher than that of the tcsR mutant with the vector alone (Fig. 4A) .
C. difficile tcdR can complement the C. sordellii tcsR mutant. The clostridial sigma factors TcdR, TetR, BotR, and UviA are similar to the ECF sigma factor family (group 4 of the 70 family), but they differ enough in structure and function that they have been assigned to their own group (group 5) (29). Since they belong to a similar group, these sigma factors are interchangeable in terms of activation of transcription by RNA polymerase core enzyme in vitro and are partially interchangeable in vivo (29, 30) . To determine whether TcdR is interchangeable with TcsR, we complemented the C. sordellii tcsR mutant with C. difficile tcdR. The tcdR gene was cloned under the control of the tetracycline-inducible promoter in pRGL154, and the resulting plasmid, pRGL144-1, was introduced into the tcsR mutant by conjugation. Cytosolic proteins (50 g) collected from cultures that had been induced for 3 h with ATc were tested for their toxin content in an ELISA. The C. sordellii tcsR mutant complemented with tcdR produced nearly 16-fold more toxin than the control (tcsR mutant with vector alone) (Fig. 4B ). This result shows that TcdR can function in C. sordellii to drive transcription of the tcsL toxin gene, implying that TcsR is also a sigma factor.
Promoters recognized by TcdR and its most closely related sigma factor, UviA, are thought to have a conserved TTTACA hexanucleotide motif in the Ϫ35 region and the sequence CTC/ TTTT in the Ϫ10 region (29) . The amino acid sequences of TcsR and TcdR showed high conservation in the putative region 4.2, which interacts with the Ϫ35 sequence (Fig. 5B) . Moreover, the regions upstream of the tcsL, tcsH, tcsE, and tcsR genes contain the highly conserved TTTACA sequence and less-well-conserved potential Ϫ10 sequences (Fig. 5A) . Our complementation studies, along with the sequence analysis, suggest strongly that TcsR is a new member of the group 5 sigma factors, all of which to date have been discovered in Clostridium spp.
DISCUSSION
Clostridium sordellii is known to cause lethal infections in animals and humans, including in women undergoing medically induced abortions with mifepristone-misoprostol (5, 31) . Incidences of C. sordellii infections in intravenous heroin users have also been reported (32) . Although C. sordellii infections are relatively rare in humans, the high mortality rate (approximately 70%) associated with these infections makes C. sordellii one of the important pathogens requiring more attention (33) .
In this study, we have presented the draft genome sequences of C. sordellii strains ATCC 9714 and VPI 9048. High-throughput sequencing and subsequent assembly generated 104 and 166 contigs of the ATCC 9714 and VPI 9048 genomes, respectively. Gaps in genome coverage were not filled in with manual sequencing due to resource constraints. This approach is consistent with de novo sequencing and the publication of other pathogen genomes, given that the lengths of the draft genomes were consistent with other sequenced clostridial genomes (Table 2) and that the two strains whose genome sequences reported here are vastly similar. Gaps are typically caused by large (greater than the library insert size) fragments, which tend to be rRNA operons, large mobile elements, or duplicated regions, and likely do not materially detract from the quality of the data analysis presented here. The nearly complete genome sequences of the two C. sordellii strains that we have reported here will help in the further characterization of C. sordellii pathogenesis. While functional analysis is ultimately required to elucidate the roles of individual genes in pathogenesis, sequence information can assist greatly in this effort.
Similar to those of many related clostridial pathogens, the C. sordellii genome is highly AϩT-rich (GϩC content of 27%). Manatee annotation analysis of the C. sordellii genomes showed that only 1% of the genome represents mobile genetic elements. This feature of the C. sordellii genome is in drastic contrast to its close relative, C. difficile, in which nearly 11% of the genome consists of mobile genetic elements (34) . The mobile genetic elements in the ATCC 9714 and VPI 9048 genomes are primarily cryptic phages. In many C. difficile strains and in Bacillus subtilis, a skin element (sigK intervening sequence) is inserted within the gene sigK that codes for a sporulation-specific sigma factor (35, 36) . skin is required for efficient sporulation, and its excision occurs at the onset of sporulation in C. difficile (36) . skin is absent in C. sordellii; the SigK-encoding ORF (VPI 9048 H476_1977; ATCC 9714 H477_0922) is intact without any insertion elements. C. difficile, in the presence of glucose and other metabolizable sugars, downregulates toxin gene transcription (18, 19) . The carbon catabolite repressor CcpA is responsible for this carbon catabolite repression (CCR) of toxin genes in C. difficile (37) . C. sordellii carries a CcpAencoding gene (VPI 9048 H476_1939; ATCC 9714 H477_3163) that is 80% identical to the C. difficile CcpA. Preliminary data from our lab show that toxin production in C. sordellii is repressed in the presence of glucose (data not shown) and suggest a possible difficile tcdR (B). The tcsR or the tcdR genes were cloned under a tetracyclineinducible promoter. The resulting plasmid constructs and the vector alone were introduced into the tcsR mutant for complementation. Bacterial cultures at an OD 600 of 0.5 were induced for 4 h, and the toxins in the cytoplasm were quantified by ELISA. The signal from the test was recorded as the absorbance at 405 nm. The data shown are means Ϯ standard errors of the means of three replicate samples. Student's t test was used for statistical analysis. **, P Յ 0.01.
role for CcpA-mediated transcriptional repression of toxin genes. CodY is another global regulator that controls gene expression in response to nutrient availability (38) . CodY is widely present in many Gram-positive bacterial pathogens, including C. difficile (39) , Staphyloccocus aureus (40) , and Listeria monocytogenes (41) . A C. difficile codY mutant expresses high levels of toxins during growth in rich medium, and CodY was found to repress the expression of tcdR, the alternate sigma factor that is specific for the toxin genes (39) . C. sordellii also encodes a CodY homologue (VPI 9048 H476_0550; ATCC 9714 H477_0862), which is 78% identical to C. difficile CodY and may play a role in virulence gene expression.
For many years, the lack of molecular and genetic tools to manipulate C. sordellii has made it difficult to study the importance of potential virulence factors. Recently, the cytotoxin TcsL-encoding gene in C. sordellii was inactivated using Targetron technology (42) , which demonstrates the feasibility of genetic manipulations in C. sordellii. Using similar technology, in this work we have inactivated the putative sigma factor-encoding gene tcsR and have shown that TcsR is needed for the transcription of the toxin-encoding genes tcsL and tcsH. Our promoter-reporter fusion studies and the quantitative real-time PCR analysis provided evidence that TcsR is required for the transcription of genes tcsL, tcsH, tcsR, and tcsE. Genetic experiments in this study showed that TcsR and TcdR are interchangeable in regulating toxin gene transcription on C. sordellii and suggest TcsR to be a new member in group 5 of clostridal sigma factors. Furthermore, an in vitro transcription experiment that tested the ability of purified TcsR and RNA polymerase core enzyme to initiate transcription from the tcsL or tcsH promoters is needed to conclusively prove TcsR is a sigma factor. Such experiments are currently under progress in our lab.
In conclusion, we have sequenced and presented genomes of two C. sordellii strains. Sequencing information revealed that the toxin genes tcsL and tcsH are part of a region that shows signatures of an integrative conjugative element. Mutational and computational analyses revealed TcsR to belong to the group 5 sigma factors. The availability of the genome sequence from these two different C. sordellii strains now will facilitate the identification of more virulence-associated factors in this pathogen. More functional studies on these putative virulence factors in C. sordellii may well help us to determine their contribution to bacterial pathogenesis.
